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Abstract 
Study Design: Biomechanical testing of vertebral body screw pullout resistance with relevance 
to top screw pullout in endoscopic anterior scoliosis constructs. 
Objectives: To analyse the effect of screw positioning and angulation on pullout resistance of 
vertebral body screws, where the pullout takes place along a curved path as occurs in anterior 
scoliosis constructs. 
Summary of Background Data: Top screw pullout is a significant clinical problem in 
endoscopic anterior scoliosis surgery, with rates of up to18% reported in the literature. 
Methods: A custom designed biomechanical test rig was used to perform pullout tests of 
Medtronic anterior vertebral screws where the pullout occurred along an arc of known radius. 
Using synthetic bone blocks, a range of pullout radii and screw angulations were tested, in order 
to determine an ‘optimal’ configuration. The optimal configuration was then compared with 
standard screw positioning using a series of tests on ovine vertebrae (n=29). 
Results: Screw angulation has a small but significant effect on pullout resistance, with maximum  
strength being achieved at 10 degree cephalad angulation. Combining 10 degree cephalad 
angulation with maximal spacing between the top two screws (maximum pullout radius) 
increased the pullout resistance by 88% compared to ‘standard’ screw positioning (screws 
inserted perpendicular to rod at mid-body height). 
Conclusions: The positioning of the top screw in anterior scoliosis constructs can significantly 
alter its pullout resistance. 
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Key Points 
 
 Top screw pullout is a significant problem following single rod endoscopic anterior 
scoliosis correction, with rates of between 1 and 18% reported in literature. 
 Axial pullout tests provide limited information on the mechanics of top screw pullout in 
anterior scoliosis constructs, because pullout occurs along a curved path. 
 Biomechanical tests were performed to investigate the effect of screw angulation and 
positioning on pullout resistance using synthetic bone and ovine vertebral bodies. 
 Angling the top screw by 10 degrees in the cephalad direction and maximising the 
spacing between the top two screws increases pullout resistance by 88% compared to 
conventional screw placement. 
 
 
 
Introduction  
Top screw pullout is a significant problem in anterior scoliosis correction, with a reported 
incidence between 1.1 and 18.2%1-9. Gilbert et al10 suggest that anterior vertebral body screws 
are more prone to failure than pedicle screws due to the “complicated loading pattern, 
incorporating torsion plus axial bending and shear forces” they are subjected to. Clinically, 
pullout of vertebral body screws tends to occur in the early post-operative period1,9 suggesting 
that the failure is caused by quasi-static corrective forces acting at the bone-screw interface 
rather than due to fatigue during post-operative gait or other repetitive loading activities. 
 
Previous experimental studies have established a number of factors (host bone density, screw 
thread outer diameter, thread pitch, screw thread root diameter, in decreasing order of 
importance) which affect the pullout resistance of anterior vertebral body screws11,12. However, 
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all pullout tests to date have been axial1. Figure 1 shows two cases of top screw pullout in the 
thoracic spine following anterior scoliosis surgery. The relative position of screw and vertebra 
clearly demonstrate that the pullout mechanism is not a simple axial translation, but that the 
vertebrae have pulled away from the screws in an arc relative to the implant construct. This 
curved pullout path is to be expected, since in anterior scoliosis constructs the screws are locked 
perpendicular to the rod. If the bone-screw interface at the top of the construct fails, the spine 
will tend to rotate back toward its original scoliotic shape, plowing the top screw through the 
vertebra along an arc centred at some point lower in the construct (shown schematically in 
Figure 2).  In Figure 1b, the top two screws have both failed, suggesting that in this case, the axis 
of the arc of pullout is located several vertebral levels below the top screw. This pattern of 
failure raises questions about the validity of simple axial pullout tests for assessing the strength 
of vertebral body screws used in anterior scoliosis constructs. 
 
With these considerations in mind, the aim of this study was to investigate the resistance of 
anterior vertebral body screws to pullout along curved paths, analogous to the failure pattern 
occurring in vivo. Further, our clinical objective was to investigate whether relatively simple 
changes in screw positioning and angulation (through the use of polyaxial screws), could 
improve top screw pullout resistance in anterior scoliosis constructs, and if possible to define an 
optimal screw positioning strategy. 
 
Materials and Methods 
The study comprised three sets of biomechanical tests; (i) axial pullout tests with polyaxial 
screws and synthetic bone, performed in order to determine a reference axial pullout strength for 
the polyaxial screw threads and synthetic bone used in the study, (ii) curved path pullout tests 
with polyaxial screws and synthetic bone, performed in order to determine the effect of pullout 
                                                 
1 Transverse loads have also been applied to anterior vertebral body screws to investigate ‘screw plow’ (10,14), 
however this is a different failure mode to pullout. 
Biomechanics of top screw pullout in anterior scoliosis constructs 
 
 
arc radius and screw angulation on pullout resistance, and (iii) ‘optimal configuration’ pullout 
tests using ovine vertebrae to test a newly defined ‘optimal’ top screw positioning against 
standard screw positioning. 
 
All tests were performed using CD Horizon M8 polyaxial screws (Medtronic Sofamor Danek, 
Memphis, USA). The screws have adjustable heads capable of being locked in position at angles 
of up to 28˚ from the axial position in any direction. The screws had an outer thread diameter of 
6.5mm and were designed to accommodate a 5.5mm rod. 
 
Series (i). Axial pullout tests. An initial set of three axial pullout tests was performed using 
Sawbones synthetic cancellous bone blocks (Pacific Research Labs, Vashon, USA). Each block 
had a thickness of 26mm and density of 0.16 g.cm-3 (10pcf). Polyaxial screws were inserted by 
drilling 2mm pilot holes with a fixed angle drilling guide, so that the hole axis was oriented 
perpendicular to the surface of the block. Prior to screw insertion, the 2mm pilot holes were 
further prepared according to the M8 surgical technique13 using an awl and 5.5mm tap. A short 
length of 5.5mm rod was secured to the movable crosshead of a 25kN Hounsfield uniaxial 
testing machine (Tinius Olsen Model H25KS-UTM dual column bench top tester with 25kN 
load cell) and the screw to be tested was locked onto the rod. Axial pullout tests were then 
performed at a constant rate of 10mm.min-1. During each test, the synthetic bone block was 
supported against a rigid (20mm thick) steel plate with a central 20mm diameter hole which the 
screw head passed through. This hole was large enough to allow clear passage of the screw 
through the hole during pullout. 
 
Series (ii). Curved path pullout tests. The second series of tests were performed using Sawbones 
synthetic cancellous bone blocks of the same dimensions and density as before. The method of 
screw insertion was also the same as detailed previously. Since the second series of tests required 
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pullout along a circular path, a custom designed testing rig was constructed to allow screw 
pullout along a circular arc of variable radius (shown in Figure 3). Based on anatomical data 
from Edwards14, four different pullout radii were chosen; (i) 23mm, equal to the distance 
between the mid- heights of the T5 and T6 vertebral bodies, simulating pullout of the top screw 
about an axis centred on the adjacent screw head (ii) 47mm, equal to the mid-height distance 
between T5 and T7, (iii) 77mm equal to the mid-height distance between T5 and T8, and (iv) 
33mm, equal to the distance between the superior endplate of T5 and the inferior endplate of T6, 
which is the maximal achievable distance between two adjacent screws across the T5/6 disc 
level. The rationale behind the 33mm radius is explained in detail in the next section. 
 
The curved path pullout test rig was attached to a 25kN Hounsfield uniaxial testing machine 
(Tinius Olsen Model H25KS-UTM dual column bench top tester with 25kN load cell) using two 
steel cables which contacted the constant radius cams on the rig shown in Figure 3, so that linear 
motion of the Hounsfield cross-head was converted into rotation of the test rig. After screw 
insertion and mounting of the synthetic bone test blocks, pullout tests were performed using a 
linear crosshead speed of 10mm.min-1, which corresponded to an angular velocity of 15.5 
degrees.min-1 about the pullout arc axis of rotation. For each pullout radius, tests were performed 
at polyaxial screw angulations of -20, -10, 0, +10, and +20 degrees relative to the usual linear 
pullout direction. Negative angles denote screw angulation toward the pullout arc axis (caudad 
angulation), and positive angles correspond to angulation away from the pullout arc axis 
(cephalad angulation) as illustrated in Figure 4. Three repeat tests were performed at each screw 
angulation, for a total of (4 radii)×(5 angles)×(3 repeats)=60 tests. 
 
Series (iii). ‘Optimal configuration’ pullout tests. The final series of tests used the results 
obtained from series (ii) to investigate a proposed ‘optimal’ top screw configuration. Based on 
the results of the previous stages, these tests used a 10˚ cephalad angulation of the screw thread, 
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and pullout arc radius of 33mm. Using anatomical data from Edwards14, this arc radius is the 
maximum achievable distance between the top two screws in an anterior construct where the top 
screw is inserted adjacent to the superior endplate of T5, with the neighbouring screw inserted 
adjacent to the inferior endplate of T6. This configuration was tested in the curved path pullout 
test rig using ovine vertebrae, and the pullout strengths were compared against tests performed 
using ‘standard’ screw positioning, defined as screw insertion parallel to the endplates (no 
angulation) at mid-height through the vertebral body. For standard mid-height screw positioning 
in T5 and T6, the anatomical data of Edwards14 gives a 23mm separation between the top two 
screws, therefore the comparative ‘standard’ positioning tests were performing using a 23mm 
pullout arc radius. 
 
Specimen acquisition and preparation. For the series (iii) tests, a total of 29 ovine vertebrae were 
used from four fresh frozen mature sheep spines, including both thoracic and lumbar levels. 
After defrosting, soft tissue was carefully dissected from the sheep spines using a scalpel, and 
the discs were removed to separate the vertebrae. For each vertebra, digital vernier calipers were 
used to measure vertebral body height, maximum and minimum vertebral body width, and 
vertebral body depth. Prior to testing, each vertebra was scanned using a clinical CT scanner 
(Philips Brilliance 64 slice, Philips Healthcare, Andover, USA). Following scanning, a single 
mid-sagittal slice was reconstructed through each vertebral body. The cancellous bone density in 
the centre of the mid-sagittal cross-section was then measured to provide a reference bone 
density (in Hounsfield Units, HU) for each vertebra tested. A phantom of Calcium Chloride 
(6.8mmol) solution was included in each scan to ensure consistency in HU measurements 
between scans. 
 
Ovine vertebral bodies were then assigned to either the ‘optimal’ (proposed optimal screw 
positioning) or ‘standard’ (current standard screw positioning) groups, alternating groups 
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between adjacent vertebral levels from each of the four spines. This resulted in 15 vertebrae in 
the ‘standard’ and 14 vertebrae in the ‘optimal’ group. A drilling jig was then used to drill a 
2mm pilot hole through the mid-height position of each vertebral body. For the ‘standard’ group 
the hole was approximately parallel to the plane of the endplates (0˚ angulation), while for those 
in the ‘optimal’ group the hole was angled at 10˚ to the endplates in a cephalad direction. Each 
pilot hole was then prepared as per the recommended M8 surgical technique with an awl and 
5.5mm tap. The length of the resulting bone tunnel in each vertebral body was then measured 
with a depth gauge and a 6.5mm M8 polyaxial screw was inserted ensuring that bicortical 
fixation was achieved. The posterior elements of each vertebra were removed by cutting through 
the pedicles with a fine hacksaw to allow insertion of the anterior vertebral body in the curved 
path pullout test rig. Each vertebral body with screw inserted was then mounted in the test rig in 
the same manner as previously described for the synthetic bone specimens, and the screws were 
pulled out using the uniaxial testing machine with a cross-head speed of 10mm.min-1 until screw 
failure. 
 
During anterior scoliosis surgery, pairs of adjacent screws are pulled together using a 
compression tool in order to reduce the deformity prior to locking each screw onto the rod. This 
procedure exerts high shear forces (up to 1kN) on the screw heads. In order to protect the screws 
from cutting through the bone sideways during this step, staples are inserted between each screw 
and vertebra to distribute shear loads. The staples can be seen in Figure 1, and were used for all 
tests in the current study. A separate study by our group has established that use of a staple 
prevents any reduction in subsequent axial pullout strength due to the lateral compression of 
pairs of screws. On the basis of this study, we did not apply any lateral shear forces to the screws 
prior to pullout testing. 
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Statistical analysis. For the series (i) axial pullout tests, the peak force Fax prior to pullout was 
recorded. For the series (ii) curved path pullout tests using synthetic bone, peak forces (in N) 
measured at the Hounsfield were converted to torques (Nm) about the pullout arc axis. Since 
pullout torque is equal to (pullout force)(pullout arc radius), increasing pullout arc radius will 
increase pullout torque, even if the screw pullout strength has not changed. For this reason, an 
equivalent screw head pullout force (N) was defined for the radial pullout tests as 
 
   
R
TFeq       [1] 
 
where T is the pullout torque and R is the pullout arc radius. The equivalent screw head pullout 
force ‘removes’ the effect of pullout arc radius, allowing comparison of the effect of screw 
angulation in isolation. The applied force, torque, and equivalent screw head pullout force during 
a curved path pullout test are shown schematically in Figure 3. 
 
Pullout torque and equivalent screw head pullout force at different pullout arc radii and screw 
angulations were compared using ANOVA with LSD and Bonferonni analysis, with a P-value of 
<0.05 denoting significance. Prior to ANOVA, normality of distribution was established using 
Komlogorov-Smirnov and Shapiro-Wilk testing. 
 
For series (iii) testing of ovine vertebrae, the values for tunnel length, bone density and pullout 
torque were analysed for normality using Kolmogorov-Smirnov and Shapiro-Wilk testing. One-
tailed paired t-tests were then used to compare the ‘standard’ (n=15) and ‘optimal’ (n=14) 
configurations. 
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Results 
Series (i). Axial pullout tests with angled polyaxial screws. The mean axial pullout force from 
the three tests was Fax=561±9N. The coefficient of variation (COV) between the three tests was 
1.7%. Note that an axial pullout is conceptually equivalent to a curved path pullout of infinite 
radius (R = ∞). 
 
Table 1. Results for radial pullout tests using synthetic cancellous bone 
 
Pullout 
arc 
radius R 
Polyaxial 
screw 
angle 
Mean pullout 
torque T (Nm) 
Mean equivalent 
screw head pullout 
force Feq (N) 
Ratio compared to 
axial pullout 
strength Feq/Fax 
-20º 12.4 541 0.96 
-10 º 13.7 595 1.06 
0 º 14.5 631 1.12 
10 º 16.8 732 1.30 
23mm 
20 º 14.2 616 1.10 
-20º 19.1 580 1.03 
-10 º 19.6 593 1.06 
0 º 21.4 648 1.16 
10 º 22.8 690 1.23 
33mm 
20 º 19.6 595 1.06 
-20º 27.0 575 1.02 
-10 º 28.2 601 1.07 
0 º 27.3 582 1.04 
10 º 29.0 616 1.10 
47mm 
20 º 28.5 605 1.08 
-20º 39.7 515 0.92 
-10 º 41.1 534 0.95 
0 º 44.1 572 1.02 
10 º 45.7 594 1.06 
77mm 
20 º 42.3 549 0.98 
 
Series (ii). Curved path pullout tests with angled polyaxial screws and synthetic bone. Table 1 
gives the curved path pullout results (expressed as both pullout torque in Nm and equivalent 
screw head pullout force in N) using synthetic cancellous bone. The right hand column in Table 
1 expresses the equivalent screw head pullout force as a proportion of the axial pullout force 
from series (i) above. Figure 6 shows the effect of screw angulation on pullout torque for each 
pullout arc radius. As expected, the greater the pullout arc radius the greater the pullout torque. 
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Figure 7 shows the effect of screw angulation on equivalent screw head pullout force for each 
pullout arc radius. Figures 6 and 7 suggest that for all pullout arc radii, 10˚ cephalad screw 
angulation is the most resistant to pullout, with pullout strength deteriorating on either side of 
this angle. 
 
 
Statistical analysis (as described above) demonstrated that for all screw angles, pullout torques at 
different pullout arc radii were significantly different to each other. Pullout torques for each pair 
of screw angles were significantly different to one another at the P=0.05 level except 10˚ caudad 
versus 20˚ cephalad (no significant difference for both ANOVA & Bonferroni) and 0˚ versus 20˚ 
cephalad (no significant difference with Bonferroni only). Note that both of these pairs of angles 
are on opposite sides of the 10˚ cephalad ‘optimal’ angle. The 10˚ cephalad angulation was 
therefore significantly more resistant to pullout than all other angles (P<0.01). 
 
 
Series (iii). Curved path pullout tests of ‘optimal’ screw positioning using ovine vertebrae 
Kolmogorov-Smirnov and Shapiro-Wilk testing showed that pullout strengths in the two groups 
were normally distributed, allowing parametric statistics to be used. The ‘standard’ group had a 
mean pullout torque of 36.7±7.8Nm, and the ‘optimal’ group had a mean pullout torque of 
69.0±17.2Nm. The difference in mean pullout torque between the two groups was highly 
statistically significant (P<0.0001, one tailed t-test). There was no significant difference between 
the two groups of vertebrae in terms of either tunnel length (‘optimal’ group mean=21.4±2.8mm, 
‘standard’ group mean=23.8±3.5mm, P=0.186) or bone density (‘optimal’ group mean=569±106 
HU, ‘standard’ group mean 562±134 HU, P=0.436).  
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All specimens were cross-sectioned after pullout to assess any difference in pullout pattern. 
Although it was subtle, most of the specimens in the ‘standard’ group appeared to have more 
gross damage near the screw head suggesting a more destructive pullout mechanism had 
occurred than with the ‘optimal’ positioning group (Figure 8). 
 
Discussion 
Top screw pullout is a relatively common complication after anterior scoliosis surgery. To date, 
biomechanical tests of vertebral body screw pullout resistance have used simple axial pullout, 
but post-operative radiographs of failed screws clearly show that screw pullout occurs along an 
arc-shaped path as the rod and spine bend away from each other. To our knowledge this study is 
the first attempt to reproduce the arc-shaped pullout path which actual top screws experience 
during failure of anterior scoliosis constructs, and to define an optimal screw positioning to resist 
this type of failure. It is important to try to reproduce in vivo conditions, because the strength of 
vertebral body screws under direct axial pullout may not reflect their performance under the 
more complex failure mode which actually occurs. 
 
The top screw in an anterior scoliosis construct is subject to multiple loads. Intra-operatively, a 
correction clamp or lasso is used to apply a corrective force between pairs of adjacent screws 
following discectomy, to pull the scoliotic spine into a straightened position. The direction of 
this corrective force on the top screw is perpendicular to the screw axis (approximately in the 
coronal plane) in a caudad direction. This caudad shear force (shown schematically in Fig 2) is 
initially applied by the surgical instruments, but the locking caps coupling the rod to the screws 
are then tightened, and the rod takes over application of the caudad shear force. This shear force 
has been investigated biomechanically by Horton15 and Mahar16, and the use of a staple to 
protect against loss of pullout strength due to ‘screw plow’ was recommended. 
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When the top screw is locked to the rod, the bent rod then exerts a combined axial pullout force 
and in-plane bending moment (torque) on the screw head, approximately in the coronal plane 
(also shown schematically in Fig 2). Given the finding that staples can protect against the effect 
of the caudad shear force, our focus in this study is the combined coronal plane axial force and 
moment which tend to pull the screw out along a curved path, as evidenced radiographically. In 
attempting to reproduce this curved pullout, we treat the rod as a beam supported at the adjacent 
screw head (or perhaps two screw heads away in the case of pullout of the top two screws), so 
the pullout path is approximated by a circular arc centred about a screw head located one, two or 
even three vertebrae below the top screw. This is the rationale for the choice of 23mm, 47mm, 
and 77mm pullout arc radii in the experimental program. 
 
According to beam theory, the bent rod generates a bending moment (torque) proportional to its 
curvature, which must be resisted by the screw. Since screw pullout torque is dependent on 
radius, one method of reducing the chance of the top screw pulling out is to move it further away 
from its pullout axis (ie further from the head of the neighbouring screw). For the case of a T5 
top screw, this can be achieved by moving the T5 screw from a mid-body positioning to adjacent 
to the superior endplate of T5. The distance between the top two screws can be further increased 
by moving the T6 screw down to the bottom endplate of T6 (note however that this also has the 
effect of reducing the distance between the 2nd and 3rd screws in the construct). Based on this 
reasoning, the 33mm pullout arc radius for the proposed ‘optimal’ screw positioning was derived 
from the maximum achievable superior and inferior translation of the T5 and T6 screws 
respectively. 
 
In this study we found that for screw pullout along a curved path, equivalent screw head pullout 
force varied between 92% and 130% of the reference axial pullout strength (Table 1). This 
suggests that there are situations where the strength of a top screw in an anterior scoliosis 
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construct may be lower or higher than its axial pullout strength suggests. Specifically, pullout 
about a 77mm arc radius with -20 degree (caudad) screw angulation reduces screw head 
equivalent pullout force by 8% compared to axial pullout, while pullout about a 23mm radius 
with +10 degree (cephalad) screw angulation increases screw head equivalent pullout force by 
30% compared to axial pullout. 
 
Most significantly however, the ‘optimal’ screw positioning strategy (maximal separation 
between top two screws, 10º cepahalad top screw angulation) had 88% greater pullout torque 
than the ‘standard’ positioning (mid-body positioning for top two screws, no top screw 
angulation). This result implies that by positioning the top two screws as far as possible apart, 
and angling the top screw slightly towards the upper endplate, pullout resistance can be almost 
doubled compared to standard mid-body positioning. 
 
There are a number of caveats and limitations with this study. Whilst we argue that the curved 
path screw pullout testing performed in this study provides a more realistic representation of in 
vivo conditions than simple axial pullout, the use of a circular arc pullout path in the coronal 
plane is still an idealisation of the complex pullout pattern which occurs in vivo as the rod and 
spine attempt to rotate back toward their original configurations. Secondly, in addition to the 
screw head forces described above, the fact that single rod anterior scoliosis constructs achieve 
derotation of the spine suggests that the rod may also exert a transverse plane shear force of 
unknown magnitude on the top screw head. No attempt was made to account for the effect of 
transverse plane de-rotating forces or moments in the current study. 
 
Thirdly, in testing the proposed ‘optimal’ positioning using ovine vertebrae, the polyaxial screw 
was still placed at mid-height through the vertebral body, even though the ‘optimal’ 
configuration shown in Figure 5 has the top screw adjacent to the superior endplate of the upper 
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instrumented vertebra. The 33mm pullout arc radius was achieved by changing the length of the 
screw mounting shaft in the test rig (Figure 3), not by inserting the screw adjacent to the upper 
endplate. This approach was used in order to avoid possible end effects when testing an isolated 
ovine vertebral body (without neighbouring discs or vertebrae) with the screw positioned very 
close to the exposed endplate. Positioning a screw adjacent to the superior endplate will also 
most likely place it in a region of increased bone density (compared to mid-body positioning), 
which may further increase the pullout strength of the ‘optimal’ configuration, however this is 
speculative and was not explored in the current study. 
 
Finally, the proposed ‘optimal’ screw positioning identified in this study raises some practical 
considerations. Moving the second screw inferiorly to increase the spacing between the top two 
screws may help protect the top screw, but this also makes the second screw more susceptible to 
pullout about an axis centred near the third screw. Minimising the risk of pullout of the top screw 
may therefore increase the risk of subsequent pullout of the second screw, should the top screw 
fail. Another possible problem is the practicality of placing the screw in this ‘optimal’ position. 
The vertebral bodies in question are very small. Screws are positioned with the aid of guide 
wires inserted under an image intensifier but getting the screws into position can be difficult 
whether the procedure is performed open or thoracoscopically. With multiple levels to 
instrument and use of single lung ventilation for thoracoscopic procedures, operative time must 
be kept to a minimum. Therefore trying to precisely position the screw in the recommended 
manner may not always be possible. 
 
In conclusion, a new testing methodology for top screws used in anterior scoliosis constructs has 
been developed, in which the screw is pulled out along a curved path to more closely simulate 
the loading conditions experienced in vivo. Curved path pullout tests of a new proposed 
‘optimal’ top screw positioning yielded a statistically significant increase in pullout resistance 
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compared to traditional positioning, with the new method almost having almost twice the mean 
pullout torque.  
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Figure Captions 
 
Figure 1. Post-operative radiographs of anterior scoliosis constructs showing pullout of (a) top 
screw, (b) top two screws. The relative positions of screw and vertebra in each case show that 
the pullout has occurred along an arc rather than axially. 
 
Figure 2. Concept of screw pullout occurring along an arc rather than axially. The red arrows on 
the intact implant show the coronal plane axial force and bending moment acting at the screw 
head, as well as the caudal compression force (which is neutralised by the use of a staple, see 
Discussion). The right figure shows the relative rotation of rod and spine away from each other 
under the influence of these forces during top screw pullout. 
 
Figure 3. Custom designed test rig for radial pullout tests showing applied cable tension, torque 
about axis of rotation, and equivalent screw head pullout force. 
 
Figure 4. Polyaxial screw configurations for the radial pullout tests in series (ii) using synthetic 
cancellous bone blocks. 
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Figure 5. ‘Traditional’ versus proposed ‘optimal’ positioning for the top two screws in a single 
rod anterior scoliosis construct. 
 
Figure 6. Pullout torque versus polyaxial screw angulation for each pullout arc radius in the 
series (ii) tests using synthetic cancellous bone. 
 
Figure 7. Equivalent screw head pullout force versus polyaxial screw angulation for each pullout 
arc radius in the series (ii) tests using synthetic cancellous bone. 
 
Figure 8. Comparison of typical bone destruction patterns after pullout for the ‘standard’ and 
‘optimal’ screw positioning groups. Although the difference was subtle, most of the specimens 
in the standard group appeared to have more gross damage around the cortex nearest the screw 
head suggesting a more destructive pullout mechanism had occurred. 
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